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Porcine adenovirus type 3 E1 transcriptional control region contains a
bifunctional regulatory element
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We identified a bifunctional regulatory element located between nt 374 and 431 upstream of TATA box of porcine adenovirus (PAV) 3
E1A promoter. Deletion of the element dramatically reduced the steady-state level of E1A mRNA, but increased that of E1B, which lies
immediately downstream of E1A. The mutant virus displayed defective replication at early times of infection, but replicated nearly as
efficiently as wild-type PAV-3 at late times of infection. This defect was complemented with coinfecting wild-type virus in a mixed infection.
The results indicated that the upstream activation sequences (UAS) of E1A overlap the upstream repression sequences (URS) of E1B,
although both transcription units are transcribed from different promoters.
D 2003 Elsevier Inc. All rights reserved.Keywords: Porcine adenovirus; Bifunctional regulatory element; TranscriptionIntroduction
The eukaryotic protein-coding gene is transcribed by the
RNA polymerase II transcriptional machinery in which both
RNA polymerase II and other protein factors are required for
basal and regulated transcription (Hampsey, 1998). The
transcription by RNA polymerase II is directed by cis-acting
sequences termed RNA polymerase II transcriptional control
region that consists of a complex variety of functional
elements that are typically divided into core promoter
elements and regulatory elements. Core promoter elements
define the site for assembly of the transcription preinitiation
complex (PIC) and include a TATA sequence located up-
stream of the transcription start site, and an initiator sequence
(Inr) encompassing the start site. Regulatory elements are
gene-specific sequences that are located upstream of the core
promoter and control the rate of transcription initiation. They
include both the upstream activation sequences (UAS) and
the upstream repression sequences (URS), which serve as
binding sites for enhancers and repressors of transcription,0042-6822/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
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E-mail address: Tikoo@Sask.Usask.CA (S.K. Tikoo).respectively (Hampsey, 1998). Here, we describe a bifunc-
tional regulatory element in the transcriptional control region
of E1 of porcine adenovirus (PAV) 3. This element lies
upstream of TATA box of E1A promoter, and serves as both
UAS for E1A and URS for E1B. Deletion of the element
reduced dramatically the steady-state level of E1A mRNAs,
but led to an increase in that of E1B, which is located
immediately downstream of E1A.Results
Construction and propagation of PAV-3 mutants. The
mutations cover a 323-bp region from the end of PAV-3
left inverted terminal repeat (ITR) through most of the 5V-
noncoding region of E1A gene (Fig. 1A). The construction
and characterization of PAV-3 mutants designated as
Pav110 (Pav3-151/213), Pav26 (Pav3-212/254), Pav37
(Pav3-252/313), Pav48 (Pav3-312/383), Pav59 (Pav3-382/
433), Pav1413 (Pav3-432/449), Pav1615 (Pav3-447/474),
Pav16 (Pav3-151/254), and Pav514 (Pav3-382/449) have
been described earlier (Xing and Tikoo, 2003). Three new
virus mutants designated as Pav27 (nt 212–313), Pav49 (nt
312–433), and Pav516 (nt 382–474) (Fig. 1A) were
constructed as described earlier (Xing and Tikoo, 2003)
using primer pairs P1–P5/P2–P8, P1–P9/P2–P12, and
Fig. 1. PAV-3 E1A transcriptional control region. (A) Schematic diagram of E1A transcriptional control region of PAV-3 and mutant viruses. The inverted
terminal repeat (ITR) and potential cis-acting packaging domains are represented with hatched and open boxes, respectively. The E1A cap site and the
translation start site (ATG) are indicated by the stippled circle and arrow, respectively. The regulatory elements are indicated by black boxes. The individual
deletion mutant names are given on the left. The deleted sequences are indicated with the bold lines. Nucleotide numbers relative to the left terminus of the
genome designate the last base pair present on either side of deletions. (B) Nucleotide sequences of bifunctional regulatory element. Arrows indicate repeated
motifs located within bifunctional regulatory element. Potential cis-acting packaging motifs were underlined.
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identity of each virus mutant was confirmed by restriction
enzyme analysis, PCR and DNA sequence analysis of
mutant viral DNA. To verify that each of the mutant stocks
was titrated accurately so that we use the same viral input
in subsequent viral infection for each virus mutant, ST cells
were infected with the virus mutants, and viral DNA
present in the infected cells at 6 h after infection was
isolated and analyzed by Southern hybridization. Each of
the mutant viruses displayed comparable levels of input
DNA (data not shown).
A bifunctional regulatory element modulates directly E1A
and E1B transcription. To determine the effect of the
deletions (Fig. 1A) on E1A transcription, swine testis (ST)
cells were infected with wild-type or mutant viruses at a
multiplicity of infection (MOI) of 40 plaque-forming units
(PFU) per cell. Total RNA was isolated at early time (7 h)
postinfection and the steady-state levels of E1A mRNAswere determined by Northern hybridization using [32P]-
labeled E1A-specific (nt 531–844) DNA probes. The
wild-type PAV-3 was included as a control. Deletions
between nt 151 and 383 (Pav110, Pav26, Pav37, Pav48,
Pav16, and Pav27), nt 432 and 449 (Pav1413), or between
nt 312 and 433 (Pav49) had no effect on the steady-state
levels of E1A mRNAs when compared with that of wild-
type virus (Fig. 2A). In contrast, a deletion between nt 382
and 433 (Pav59) resulted in significant reduction (16-fold)
in the level of E1A mRNA. As Pav59 contains intact E1A
TATA box (nt 449–454; Reddy et al., 1998), the results
suggested that the sequences between nt 382 and 433
contain a cis-acting regulatory element(s) that could aug-
ment the transcription of E1A. Since Pav1615 contains a
deletion between nt 447 and 474 including E1A TATA box,
as expected, this virus displayed a dramatic reduction (13-
fold) in the level of E1A mRNA. The 2- to 5-fold reduction
in the E1A mRNA level was also evident with the mutant
Pav514 (nt 382–449) and Pav516 (nt 382–474), respec-
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further confirmed the existence of a regulatory element,
which is located upstream of TATA box of E1A promoter,
and critical for normal transcription of E1A gene(s) in virus-
infected cells.
The E1B unit of PAV-3 lies immediately downstream of
E1A (Reddy et al., 1998). To test if the transcriptional
regulatory element of PAV-3 E1A could also modulate the
transcription of E1B, the steady-state level of E1B mRNAs
was assayed with Northern hybridization using a [32P]-
labeled probe (nt 1411–3077). Deletion between nt 447
and 474 (Pav1615) resulted in slight reduction (1-fold) in
the level of E1B mRNA when compared with that of wild-
type PAV-3 (Fig. 2), suggesting that deletion between nt
447 and 474 including TATA box of E1A promoter
reduces the transcription of both E1A and E1B (Fig. 2).
In contrast, deletion between nt 382 and 433 (Pav59)
caused an increase (2-fold) in the level of E1B mRNAs
(Figs. 2A and B), suggesting that the DNA sequences
between nt 382 and 433 contain a regulatory elementFig. 2. Northern blot analysis. (A) ST cells were infected with wild-type or mutant
Ag/ml AraC. The RNAs were isolated 7 h postinfection and then subjected to North
with ethidium bromide in denaturing formaldehyde agarose gel were photographed
in autoradiograms.which could suppress the transcription of E1B. In addition,
the increase (2- to 6-fold) in the level of E1B mRNAs
(Figs. 2A and B) was also evident with the mutant Pav514
(nt 382–449), Pav516 (nt 382–474), and Pav49 (nt 312–
433), which also carried the deletions containing the
regulatory element. Interestingly, deletion between nt 432
and 449 (Pav1413) or between nt 212 and 313 (Pav37 and
Pav27) had no effects on E1A transcription, but increased
(about 2-fold) the level of E1B mRNAs (Figs. 2A and B).
It appears that the DNA sequences between nt 382 and 474
or between nt 212 and 313 can repress the transcription
activity of E1B.
Deletion of bifunctional regulatory element increases the
steady-state level of E2A, E3, and E4 mRNAs. The tran-
scription of other early genes of adenovirus including E2,
E3, and E4 is controlled by E1 gene products (Russell,
2000). In addition, an enhancer element in the transcrip-
tional control region of E1A regulates directly the tran-
scription of all early genes in human adenovirus (HAV) 5PAV-3 at a MOI of 40 PFU per cell and maintained in MEM containing 125
ern blot analysis using [32P]-labeled probes. As a control, the RNAs stained
. 18s and 28s rRNAs were indicated. (B) Relative intensities of RNA bands
Fig. 2 (continued ).
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effects of deletion mutations in PAV-3 E1A transcriptional
control region on the transcription of genes from other
early regions. Total RNAs isolated 7 h (early) postinfection
were probed in Northern hybridization with [32P]-labeled
E2A (nt 22667–23736)-, E3 (nt 27587–29011)-, and E4
(nt 32504–33873)-specific DNA probes, respectively. De-
letion of sequences between nt 447 and 474 (Pav1615)
containing the TATA box of E1A promoter resulted in lower
(1- to 3-fold reduction) levels of E2A, E3, and E4 mRNAs
when compared to that of wild-type or other mutant viruses
(Fig. 2). The results confirm earlier observation that the PAV-
3 E1A gene products are required for normal transactivation
of other early gene promoters (Zhou and Tikoo, 2001). In
contrast, deletions between nt 382 and 433 (Pav59), nt 432
and 449 (Pav1413), nt 382 and 449 (Pav514), and nt 382 and
474 (Pav516) caused increases (1- to 3-fold) in the levels of
E2A, E3, and E4 mRNAs when compared to that of wild-
type PAV-3 (Figs. 2A and B).Bifunctional regulatory element is required in trans for
efficient adenoviral DNA replication. To investigate the
effect(s) of deletion of bifunctional regulatory element on
the PAV-3 DNA replication in virus-infected cells, the viral
growth and DNA accumulation were examined with a
select group of mutant viruses. The growth of mutant
viruses relative to that of wild-type PAV-3 was determined
by an one-step growth curve in ST cells. Virus infection
with wild-type or mutant PAV-3 was performed at a MOI
of 5 PFU per cell. At 12, 24, and 36 h postinfection, the
infected cells were harvested and subjected to three cycles
of freezing and thawing. The amount of infectious virus in
cell lysates was determined by plaque assay in VIDO R1
cells (Fig. 3). The loss of bifunctional regulatory element
in Pav59 (nt 382 and 433) resulted in a lag (3- to 4-fold
reduction) in virus growth compared to wild-type virus at
early times (12–24 h) postinfection. Deletion of sequences
between nt 447 and 474 (Pav1615) that contain the TATA
box of E1A promoter resulted in 10-fold reduction in viral
Fig. 3. Growth kinetics of mutant viruses in ST cells. Confluent monolayers of ST cells were infected with wild-type or mutant PAV-3 at a MOI of 5 PFU per
cell. After 12, 24, and 36 h postinfection, the infected cells were harvested and the amount of infectious viral progeny in cell lysates was determined by plaque
assay in VIDO R1 cells. The averaged values of three replicates plus standard deviation (SD) are plotted and represented as PFU/ml.
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However, at 36 h postinfection, the growth of Pav516 that
carried the deletion of both bifunctional regulatory element
and E1A TATA box (nt 382 and 474) displayed a 6-fold
reduction when compared to that of wild-type PAV-3, but a
4-fold increase when compared to that of Pav1615 in
which E1A TATA box was deleted but bifunctional regu-
latory element was left intact. We noticed that the deletion
of sequences between nt 432 and 449 (Pav1413) led to 2-
fold increase in viral growth than that of wild-type virus at
36 h postinfection.
Earlier, we identified cis-acting packaging domain of
PAV-3, which is located between nt 212 and 531 and
overlaps the transcriptional control region of E1A (Xing
and Tikoo, 2003). Because packaging efficiency directly
determines the production of infectious viral progeny, the
growth phenotypes of mutant viruses would be complicat-
ed by packaging defect. To exclude the effects of deletion
of cis-acting packaging motif(s) on the viral growth, DNA
accumulation in virus-infected cells was examined by
Southern blot analysis. The ST cells were infected with
wild-type or mutant virus at a MOI of 5 PFU per cell. At
9, 16, 23, and 30 h postinfection, the cells were collected
and DNA was isolated. After digestion with HindIII, DNA
fragments were separated by agarose gel electrophoresis
and subjected to Southern hybridization using [32P]-labeled
probe (nt 934–2190). When compared to wild-type PAV-3,
Pav1615 (nt 447–474) and Pav516 (nt 382–474) dis-
played the defective DNA accumulation throughout the
infection (16, 23, and 30 h) (Fig. 4A). These results are ingood agreement with their growth properties in ST cells
(Fig. 3). However, when compared to wild-type virus,
mutant Pav59 (nt 382–433) carrying the deletion of
bifunctional regulatory element displayed a 3-fold reduc-
tion in DNA accumulation at the early time (16 h)
postinfection, but showed similar rate of DNA accumula-
tion at the late times (23 and 30 h) postinfection. In
contrast, the rate of DNA accumulation in Pav1413 (nt
432–449) and Pav514 (nt 382–449) is similar to wild-type
virus. Surprisingly, Pav16 (nt 151–254) reproducibly
showed a 2- to 4-fold reduction in DNA accumulation
throughout the infection (16, 23, and 30 h) and grew to
titers 3-fold less than wild-type PAV-3. The reasons for this
are not known.
To investigate the mechanism(s) by which the viral DNA
replication was affected in mutant viruses, we did a coin-
fection experiment in which the ST cells were infected by
wild-type PAV-3 along with individual mutant virus at a
MOI of 5 PFU (each virus) per cell. At 9, 16, 23, and 30
h postinfection, the DNA was isolated and analyzed by
Southern hybridization using [32P]-labeled probe (nt 531–
844). The wild-type and mutant virus DNA fragments were
distinguished by double digestion with KpnI and MfeI. As
shown in Fig. 4B, all of the mutant viruses replicated as
efficiently as the coinfecting wild-type virus did, suggesting
that the sequences deleted in the tested mutant viruses
(including the bifunctional regulatory element and TATA
box) are not required in cis for efficient viral DNA replica-
tion. The defect in DNA replication in ST cells (Fig. 4A) can
be complemented by coinfecting wild-type PAV-3, and
Fig. 4. Viral DNA accumulation in ST cells. (A) Single infection experiment. ST cells were infected with the wild-type or mutant PAV-3 at a MOI of 5 PFU per
cell. The DNAs were prepared at 9, 16, 23, and 30 h postinfection. After digestion with HindIII, the agarose gel-fractionated DNAs were subjected to Southern
blot analysis using [32P]-labeled PAV-3 genomic DNA fragment (nt 934 and 2190) as a probe. (B) Coinfection experiment. ST cells were coinfected with the
wild-type and mutant PAV-3s at a MOI of 5 PFU per cell each virus. The DNAs were prepared at 9, 16, 23, and 30 h postinfection. After digestion with KpnI/
MfeI, Southern blot was performed using [32P]-labeled PAV-3 genomic DNA fragment (nt 531 and 844) as a probe.
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expression of E1A.Discussion
Using deletion strategy, earlier we identified the cis-
acting packaging domain of PAV-3 (Xing and Tikoo,
2003). Here, analysis of a series of mutant PAV-3s contain-
ing deletion mutations in E1A transcriptional control region
defined a bifunctional regulatory element. Deletion of this
element resulted in a dramatic reduction in the steady-state
level of E1A mRNA, but the increased level of E1B mRNA.
In addition, the steady-state levels of other viral early gene
mRNAs including E2A, E3, and E4 were also elevated by
this deletion. Deletion between nt 212 and 313 (Pav37 and
Pav27) did not affect the level of E1A mRNA but increased
the level of E1B mRNA as well.
In HAV-5, the E1A enhancer element enhances in cis the
expression of both E1A and E1B (Hearing and Shenk,
1983). In contrast, the bifunctional regulatory element in
E1A transcriptional control region of PAV-3 enhances the
transcription of E1A but represses that of E1B. It appears
that the upstream activation sequences (UAS) of E1A
overlap with the upstream repression sequences (URS) of
E1B. Although both functions are mediated by overlapping
sequences, the up-regulation of E1B and down-regulation
of E1A appear to be functionally dissociated. The fact that
the deletion of sequences between nt 432 and 449(Pav1413) alone could affect the E1B transcription without
altering E1A transcription support the suggestion that the
bifunctional regulatory element-mediated regulation of tran-
scription of E1A and E1B could be accomplished by
different mechanisms.
Like HAV-5 (Hearing and Shenk, 1986), the bifunctional
regulatory element is not required in cis for efficient viral
DNA replication, but can affect in trans the viral growth. Its
removal produced a defective virus in terms of both viral
DNA accumulation and production of infectious viral prog-
eny at early stage of infection. At the late times postinfec-
tion, both the rate of viral DNA accumulation and the
production of infectious viral progeny displayed nearly the
same efficiency as wild-type PAV-3. The defect in virus
replication was efficiently complemented in trans by wild-
type PAV-3 in a coinfection experiment. Mutant Pav59 and
Pav514 containing deletion of bifunctional regulatory ele-
ment displayed the reduced transcription of E1A. However,
both mutant viruses displayed increased transcription of
other early genes (E1B, E2A, E3, and E4) and replicated
nearly as efficiently as the wild-type PAV-3 did especially at
the late times of infection. We do not know the mechanism
of up-regulation of these early genes and how they cooperate
with each other to regulate the viral DNA replication. Since
proteins encoded by the E2 region are directly involved in
viral DNA synthesis (Russell, 2000), it is possible that the
up-regulated expression of E2 genes could complement the
viral growth defect resulted from the reduced transcription
of E1A gene in term of viral DNA replication.
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decrease in E1A mRNA level, but an increase in that of
E1B. The additional deletion of the sequences between nt
312 and 382 (Pav49: nt 312 and 433) on the background of
Pav59 eliminated the decrease of E1A mRNA, although the
E1B mRNA was still increased (Fig. 2A). Similarly, the
level of E1A mRNAs produced by Pav514 (nt 382–449)
and Pav516 (nt 382–474), which carried the extended
deletions on the background of Pav59 (nt 382–433), was
not correspondingly reduced further but was increased when
compared with that of Pav59 (Fig. 2A). We do not know the
reason(s) for these phenotypes. It is possible that the
sequences between nt 312 and 433 serve as the binding
sites for different trans-acting factors which can cooperate
and counteract with each other. The additional deletion may
remove such binding sites and lead to a change in the
conformation of the left end PAV-3 genome, thereby putting
the unknown regulatory element(s) into function, to keep
the transcription of E1A at the normal level. Alternatively,
in the event of deletion of E1A TATA box and bifunctional
regulatory element, the E1A mRNA maybe transcribed from
other promoter activity. For instance, it has been established
that the ITR in HAV has the promoter activity (Hatfield and
Hearing, 1991). Interestingly, the sequence analysis of
cDNA clones representing the E1A region of PAV-3 has
revealed that the transcription start site is heterogeneous and
often lies upstream of E1ATATA box, suggesting the use of
PAV-3 ITR as a promoter (Reddy et al., 1998). The
inactivation of the original transcriptional regulatory control
region of E1A could lead to active participation of other
control region. Therefore, the E1A mRNAs detected in ST
cells infected with Pav514 and Pav516 probably represent
the activity of other unknown regulatory element or even
promoter, such as the left ITR. Aside from removing
specific protein-binding sequences, deletions also possibly
may affect early gene transcription through altering the
interactions among transcription factors by changing the
spacing or conformation of other sequences involved in
transcriptional regulation.
The viral transcription enhancer regions usually exhibit a
long tandem repeat (Khoury and Gruss, 1983). In HAV-5,
the enhancer element I of E1A contains an 11-bp repeated
element that is a critical component of the modulatory
sequences (Hearing and Shenk, 1983). When analyzing
the sequences between nt 382 and 449 of PAV-3, we also
found repeated sequences located between nt 374 and 431.
Two ‘GGGTGT’ motifs were separated by repeated
‘TGAGA’ and ‘CCGC’ motifs (Fig. 1B). None of these
motifs overlaps with potential cis-acting packaging motif
(Xing and Tikoo, 2003).
The cis-acting packaging domain of PAV-3 overlaps the
transcriptional control region of E1A (Xing and Tikoo,
2003). It is believed that two kinds of regulatory elements
could influence each other (Hearing and Shenk, 1983, 1986).
Active utilization of the enhancer element could delay the
onset of packaging, which in turn decrease E1A transcription(Hearing and Shenk, 1983). However, it is not clear how
these two regulatory elements influence each other. It
appears that the growth properties of mutant PAV-3s in ST
cells could represent the combined effects of deficiency in
both packaging ability and early gene expression.
Like HAV-5, the E1A and E1B of PAV-3 are transcribed
from different promoters (Reddy et al., 1998). For adenoviral
productive infection, E1A is used to stimulate the cell cycle
into S phase (Boulanger and Blair, 1991). This regulation of
cell cycle subsequently activates a premature cell death
(apoptosis) (Chiou and White, 1997). In contrast, the pro-
teins encoded by E1B including 19 and 55 kDa can function
independently to inhibit apoptosis induced by E1A (Debbas
and White, 1993; Goodrum and Ornelles, 1997; Han et al.,
1996; Harada and Berk, 1999; Rao et al., 1992). In addition,
E1A and E1B have opposite functions in transactivation of
other early promoters. For instance, the E2 late promoter is
repressed by E1A (Guilfoyle et al., 1985), but is induced by
E1B 55 kDa (Holm et al., 2002). For productive viral
infection or cell transformation, it is necessary for virus to
express the proteins with counteracting functions in a proper
proportion. Therefore, the balanced expression of E1A and
E1B is important to the viral life cycle. The bifunctional
regulatory element in PAV-3 E1 region could facilitate to
achieve this at the transcriptional level.Materials and methods
Viruses and cells. The mutant and wild-type PAV-3s
(strain 6618) were cultivated in swine testis (ST) and VIDO
R1 cells (Reddy et al., 1999).
Construction and propagation of virus mutants. Construc-
ction and propagation of PAV-3 mutants have been de-
scribed in detail previously (Xing and Tikoo, 2003).
Polymerase chain reaction. The wild-type or mutant PAV-
3 genomic DNA was used as template in polymerase chain
reaction (PCR) amplifications as described (Xing and Tikoo,
2003).
RNA preparation and Northern blot. The ST cells infected
with 40 PFU per cell in the presence of 125 Ag/ml cytosine
h-D-Arabinofuranoside (AraC) (Sigma) were harvested at 7
h postinfection. The total RNA was isolated with TRIzol
reagent (Gibco BRL) and analyzed by Northern blot anal-
ysis. The RNA bands on the autoradiograms were quanti-
tated using PhosphoImager program (Bio-Rad). Three
independent experiments were performed and the relative
intensity of RNA bands was expressed as averaged values
plus standard deviation (SD).
Southern blot. In single virus infection, the DNA was
digested with HindIII. In coinfection experiments, the
DNA was digested with MfeI and KpnI to distinguish the
L. Xing, S.K. Tikoo / Virology 318 (2004) 37–4444coinfecting wild-type and mutant viruses. Ten micrograms
of DNA for each sample was loaded and subsequently
analyzed in Southern hybridization performed by using a
standard procedure. The relative intensities of the DNA
bands on the autoradiograms were measured by PhosphoIm-
ager program (Bio-Rad).
Viral growth curves. The viral titers were determined as
described earlier (Xing and Tikoo, 2003).Acknowledgments
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